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(54) Multiple band raman amplifier pump source 

(57) J32J An optical pumping apparatus provides 
pumping for a Raman amplifier across either the C-band 
alone, or across both the C-band and the L-band. A first 
pump unit provides the optical pump energy necessary 
for a flat gain response in the C-band. A second pump 
unit, operating as an upgrade module, can be activated 



to expand the pumping range into the L-band. The sec- 
ond unit provides both the pump energy for the expand- 
ed portion of the gain spectrum, as well as pump energy 
for the C-band that compensates for any disruption of 
the gain profile, so that a flat gain response is main- 
tained across both the C-band and the L-band. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates generally to optical gain 
devices and, more specifically, to pump apparatus for 
optical gain devices using stimulated Raman scattering. 

BACKGROUND OF THE INVENTION 

[0002] An optical gain medium is a device that, when 
provided with optical pumping energy, increases the 
amplitude of a desired optical signal. Optical gain media 
may be constructed using optical fiber, and used for fiber 
lasers or fiber-Based optical amplifiers. One fornYof op- 
tical amplifier known in the art is based on stimulated 
Raman scattering (SRS), and is referred to generally as 
a "Raman amplifier." In a Raman amplifier, o'titical 
pumping energy is injected into an optical fiber medium 
through which the signal to be amplified is propagated. 
The optical pumping energy, via SRS, allows, for a 
transfer of optical power to a wavelength longer than the 
pumping wavelength, due to the excitation of a vibra- 
tional mode in the medium that provides gain at the long- 
er wavelength. A Raman laser is similar, but has no sig- 
nal to be amplified, and through SRS, simply develops 
the pump signal into an output signal of higher power 
and longer wavelength using a resonator structure. 
[0003] The longer wavelengths to which optical power 
is transferred in a Raman gain medium may be prede- 
termined relative to the wavelength of the pumping en- 
ergy. These wavelength shifts are referred to as 
"Stokes" shifts and, since each Stokes shift is a known 
amount relative to the wavelength from which the ener- 
gy is transferred, a resulting "Raman-shifted" wave- 
length may be selected by proper selection of the pump- 
ing wavelength. In communication systems, a number 
of different signals at different wavelengths are typically 
multiplexed over the same communications medium, e. 
g., an optical fiber. These different signal wavelengths, 
or "channels," are in a continuous band, and are sepa- 
rated by a minimum channel spacing necessary for 
good discrimination. When it becomes necessary to 
boost the signal power of the signals, all of the channels 
are typically amplified together in an optical amplifier. 
However, the useful gain bandwidth of such an amplifier 
is necessarily limited, and the number of channels that 
can be amplified simultaneously is therefore also limit- 
ed. 

[0004] In current systems, wavelength bands have 
been identified that have customarily been used for op- 
tical communications. The conventional band is referred 
to as the "C-band" and is understood to span roughly a 
range from approximately 1530 nm to approximately 
1565 nm. This has been the range to which optical am- 
plifiers, typically erbium-doped fiber amplifiers ("ED- 
FAs"), have been directed for operation. More recently, 
a band of longer wavelengths has come into favor for 



certain applications, and may be used either alone or in 
combination with the C-band. This band of longer wave- 
lengths is referred to as the "l-band," and is understood 
to span roughly a range from approximately 1565 nm to 
5 approximately 1610 nm. In the past, Raman amplifiers 
have been made that provide amplification in the l-band. 
Similarly, attempts have been made to build Raman am- 
plifiers that provide wideband amplification across both 
the C- band and the l-band, with varying degrees of suc- 
*0 cess. However, such amplifiers tend to be complicated 
and costly as compared to those which amplify in the C- 
band alone. Moreover, amplifiers that pump in the C- 
band and the l-band simultaneously cannot also be used 
to efficiently pump just one band or the other. 

15 

SUMMARY OF THE INVENTION 

[0005] In accordance with the present invention, an 
optical pumping apparatus provides pumping for just a 
20 first wavelength band, or for the first wavelength band 
and a second wavelength band together. In particular, 
an optical pumping apparatus provides optical pump en- 
ergy to an optical gain medium that produces optical 
gain by stimulated Raman scattering. The gain is pro- 
25 vided to each of a first signal wavelength range and a 
second signal wavelength range, the second range hav- 
ing longer signal wavelengths and not overlapping with 
the first. The pumping apparatus includes two pump 
units, a first pump unit that provides optical pump energy 
30 to the gain medium in a first pump wavelength range, 
and a second pump unit that provides pump energy to 
the gain medium in both the first pump wavelength 
range and a second pump wavelength range. Pumping 
in the first pump wavelength range results in signal gain 
35 in the first signal wavelength range, while pumping in 
the second pump wavelength range results in signal 
gain in the second signal wavelength range. 
[0006] In addition to producing gain in the second sig- 
nal wavelength range, pumping in the second pump 
<o wavelength range also tends to deplete the gain spec- 
trum in the first signal wavelength range. This would or- 
dinary cause a disruption in the gain bandwidth of the 
first signal wavelength range in that the overall flatness 
of the gain response would be compromised. However, 
45 the second pump unit of the present invention also pro- 
vides pump energy that produces gain in the first signal 
bandwidth, and that compensates for any disturbances 
due to pumping for the longer wavelengths. Thus, the 
second pump unit can operate as an upgrade unit, in 
50 that it allows a user to extend the signal gain bandwidth 
beyond that of the first signal wavelength range, and still 
maintain the overall flatness of the gain response. That 
is, when the second pump unit is not activated, the 
pumping apparatus provides a gain response with good 
»5 flatness over the first signal wavelength range. When 
the second pump unit is activated, the gain response is 
extended to the second signal wavelength range, and 
good flatness is maintained over both wavelength rang- 
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"Source M1" (identified by reference numeral 20) and 
"Source M2" (identified by reference numeral 22). The 
outputs from each of these optical sources are directed 
to pump signal combiner 24, which combines the signals 
in a known manner. For example, the pump signal com- 
biner 24 may be a wavelength division multiplexer 
("WDM") coupler, although other means of coupling to- 
gether two optical signals having different wavelengths 
are also known in the art, and may also be used. The 
coupled optical pump signals are output from the mod- 
ule with the intention of being combined with other pump 
energy directed to a Raman gain medium. 
[0018] The two pump sources 20, 22 of the l-band 
module 18 have distinctly. different output wavelengths. 
In the preferred embodiment, the sources 20, 22We la- 
ser diodes, but other types of optical sources may be 
used as well. In order to provide adequate Raman gain 
in the l-band of the amplifier being pumped, source M2 
22 has an output wavelength in the range of approxi- 
mately 1465 nm to approximately 1525 nm. For exam- 
ple, the source M2 22 may have an output wavelength 
of 1496 nm. Such a wavelength, through SRS, provides 
gain in the Raman amplifier in the l-band. However, 
since there already exists some pumping in the C-band 
of the amplifier, if this l-band pumping wavelength was 
the only pumping energy added to the existing C-band 
pump energy, other unintended consequences would 
result. Most notably , the overall gain flatness of the am- 
plifier would be severely degraded, resulting in an un- 
desirable variation in gain from one channel to the next. 
However, In the present invention, an additional pump- 
ing source is provided that allows the l-band pumping to 
take place, but preserves a high degree of gain flatness 
across both the C-band and the l-band. 
[0019] In the module shown in FIG. 2, in addition to 
the source M2 22, which pumps in the 1-band, source 
M1 20 is also provided. However, despite being part of 
the l-band module 18, this source has an output wave- 
length that, in a Raman amplifier, provides gain in the 
C-band. That is, the source M1 has an output in the 
wavelength range of approximately 1425 nm to approx- 
imately 1465 nm. For example, source M1 20 might 
have an output wavelength of approximately 1436 nm. 
Although this wavelength produces Raman gain prima- 
rily in the C-Band, it compensates for disruptions in the 
overall gain flatness of the amplifier that would other- 
wise result from pumping to produce gain in the l-band. 
[0020] Depicted in Fig. 3 is an example of a pumping 
apparatus using an 1-band module like that FIG. 2. As 
shown, the apparatus being depicted includes C-band 
Raman pump 26. This is a stand-alone C-band pump 
that provides a flat gain bandwidth across the C-band 
of a Raman amplifier. The arrangement of components 
in the C-band pump 26 represents just one embodiment, 
and pumps having a similar result are possible without 
necessarily having the same arrangement of compo- 
nents. However, this embodiment is a useful example 
of a possible construction. 



[0021] The C-band pump includes three different in- 
dividual optical sources having different output wave- 
lengths, the sources being labeled in the figure as 
"Source A," "Source B" and "Source C." The pump also 
5 includes signal-combining apparatus for combining all 
of the different source wavelengths together. In this em- 
bodiment, the combining apparatus each have a depo- 
larizing function that helps to minimize any polarization 
dependent gain effects. Source A 28 and Source B 30 
10 are coupled into the two input ports of a polarization- 
maintaining ("PM") 3dB splitter 32. Both input paths to . 
the splitter 32 are polarization-maintaining conduits, 
such as polarization-maintaining fiber. Each of the in- 
puts is split between two output paths of the splitter 32, 
15 such that a portion of each input is coupled into each of 
the two outputs. The outputs are also polarization-main- 
taining, and connect the splitter 32 to a polarization 
beam combiner ("PBC") 34. The PBC 34 is a known op- 
tical device that combines together the two polarization 
20 states of the optical energy input via the fibers connect- 
ing it to the splitter 32. The PBC couples the two polar- 
ization modes from the fibers into a single output. The 
second output receives only a small amount of the light 
coupled into the PBC, and is referred to as a "ghost 
25 port." The PBC 34 effectively recombines, power wise, 
the two light beams that exit the splitter 32. Thus, the 
optical power of light exiting the PBC is substantially the 
same as the total power originating from the sources 28, 
30 (ignoring splice losses and insertion losses). Howev- 
30 er, the power has been split into two halves with phase 
decorrelated orthogonal polarizations. Thus, the result- 
ing output from PBC 34 is essentially unpolarized. 
[0022] Between the splitter 32 and the PBC 34 shown 
in FIG. 3, one of the two paths between the splitter 32 
35 and the PBC 34 has a significantly longer optical path 
length than the other. This provides the desired phase 
decorrelation between the two signals. In the preferred 
embodiment, the difference in optical path length is 
greater than a coherence length of either of the sources 
*o 28, 30. Moreover, for one of the two paths coupling split- 
ter 32 and PBC 34, the polarization is rotated by 90°. As 
mentioned, the two signals input to the PBC 34 are cou- 
pled together, and exit as a depolarized output consist- 
ing of a portion of light from each of the two sources 28, 
45 30. This output, in turn, is directed to WDM combiner 36. 
[0023] The WDM combiner 36 combines the output 
from PBC 34 with light output from PBC 38. PBC 38 is 
part of another depolarizing combiner that functions in 
essentially the same way as that having splitter 32 and 
50 PBC 34. In the second combiner, a polarization-main- 
taining splitter 40 is coupled to PBC 38 by two polariza- 
tion-maintaining fibers. As in the other combining appa- 
ratus, one of the two coupling fibers has a longer optical 
path length than the first, and one has its plane of po- 
55 larization rotated by 90° relative to the other. When the 
pump is operating as a pump for the C-band alone, the 
only light input to splitter 40 comes from an optical 
source 42 labeled in the fiber as "Source C." In such a 



4 



7 



EP 1 257 023 A2 



8 



case, the output from Source C 42 is effectively depo- 
larized and output from PBC 38, after which it is com- 
bined with the output of PBC 34 at WDM 36. 
I0024] When the C-band Raman pump 26 is operated 
alone, the output from WDM 36 provides a range of 
pumping energy that provides a sufficiently flat Raman 
gain response in the C-band. However, when it is desir- 
able to pump for both the C- band and the 1-band, the 
1-band module is coupled into the existing pump. In the 
embodiment shown in FIG. 3, the output from the 1 -band 
module 1 8 is coupled into the splitter 40 along with the 
output of Source C 42. Both input fibers to splitter 40 are 
polarization maintaining. Coupler elements 44 are 
shown to indicate that the 1-band module 18 may be 
removably connected to the C-band pump. The^actual 
coupling apparatus may be any of a number of known 
types of couplers. Moreover, it is not necessary that the 
l-band module actually be physically disconnectec%om 
the C-band pump. Rather, the module 1 8 may be a per- 
manent part of the apparatus that has an output that may 
be "activated" and "deactivated," in that its output is, or 
is not, combined with the pump energy of the C-band 
pump 26. When using the pump energy combining 
method shown in FIG. 3, the optical fiber pathways input 
and output to the pump signal combiner 24 are polari- 
zation maintaining, as are the connectors 44. However, 
it should be noted that this is a preferred embodiment 
only, and the invention is also intended to encompass 
other ways of combining pump signal energy which may 
not require polarization maintaining pathways. 
[0025] When the module 18 is connected to the C- 
band pump 26 and active, its output is coupled together 
with the output of Source C 42 in the same manner as 
is described above for the combination of Source A 28 
and Source B 30. This combined output is then coupled 
together by WDM with the output from PBC 34. Unlike 
when the output from module 18 is not used, the output 
from WDM 36 when the module is active includes wave- 
lengths that pump both the C-band and the 1-band. 
Moreover, the combination of 1-band and C-band pump- 
ing wavelengths from the 1-band module not only pro- 
vides the desired pumping in the 1-band, but provides 
compensation for the distortion that would otherwise oc- 
cur in the flatness of the overall gain profile. 
[0026] Using the values mentioned above for the out- 
put wavelengths of the sources M 1 and M2 of the l-band 
profile (respectively, 1439 nm and 1492 nm), the follow- 
ing wavelength values might be used for the C-band Ra- 
man pump. Source A could be at a wavelength of 1451 
nm, Source B at a wavelength of 1462 nm and Source 
C at a wavelength of 1428 nm. At these wavelength val- 
ues, a good flatness will be present when the C-band 
pump 26 is used alone. Moreover, when the l-band mod- 
ule is connected and activated, a good flatness exists 
across both the C-band and the I- band. FIG. 4 depicts 
graphically a gain response for a Raman amplifier that 
is pumped using a pump having these example values. 
The solid line response shown in the figure demon- 



strates the response when the 1-band module is not 
used. As shown, the response drops off quickly after ap- 
proximately 1565 nm. However, within the C-band 
range, the gain response of the amplifier is particularly 
5 flat. In this case, the amplifier gain response varies by 
less than 1 dB across the C-band. 
[0027] Upon the addition of the l-band module de- 
scribed above, the gain response of the Raman ampli- 
fier is extended. In the graph of FIG. 4, the response of 
10 the amplifier, when using the l-band module, is shown 
as a broken line. As shown, the gain response is extend- 
ed through the l-band. dropping off only after about 1 610 
nm. Moreover, the gain flatness of the response is pre- 
served, and the amplifier has a gain response that does 
*5 not vary more than about 1 dB across both the C-band 
and the L- band. Thus, the system has good perform- 
ance both when used as just a C-band amplifier, and 
when expanded to be used in both the C-band and the 
l-band. It should be noted that this definition of "flatness" 
20 herein is intended to apply to gain spectra having any 
pre-selected spectral shape, which may be intentionally 
created for a particular application. That is, the deviation 
of about 1 dB or less is a deviation from the pre-selected 
shape of the designated gain spectrum, rather than from 
25 a particular fixed gain value. Of course, the slope may 
be zero, as shown above. It is also noted that the flat- 
ness is controlled only for the designated band or bands 
in question. For the examples discussed above, the 
bands are the C-band and the l-band, as defined therein. 
30 As shown in FIG. 4, the gain naturally falls off outside of 
these designated wavelength bands, as should be ex- 
pected. 

[0028] In the preferred embodiment, pumping energy 
provided to the C-band by the l-band module does not 

35 spread significantly into the 1-band, despite the tenden- 
cy of certain pump sources to have a bandwidth profile 
that extends over a given range. In particular, source M1 
does not contribute any gain to the 1 -band that exceeds 
50% of the maximum gain in the C-band. Thus, the func- 

40 tion of this additional source is to provide compensatory 
gain to the C-band, while source M2 provides the de- 
sired l-band gain. 

[0029] The foregoing example is particularly relevant 
due to the common use of the C-band and l-band in cur- 

4S rent-day optical communications. However, it is expect- 
ed that there will be future attempts to further extend the 
bandwidth capacity of optical communications systems 
so as to accommodate even more multiplexed chan- 
nels. It is therefore recognized that the present invention 

50 may be adapted to aid those expansion efforts as well. 
For example, in the foregoing example, the gain band- 
width of the Raman amplifier could be expanded further 
by the addition of yet another upgrade module or mod- 
ules. With the system operating as a pump for a Raman 

55 amplifier spanning the C-band and l-band, another com- 
bination of optical sources could be coupled into the ex- 
isting system to extend the gain bandwidth further into 
the longer wavelengths. As with the aforementioned up- 
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grade module, this additional upgrade module would in- 
clude a source that provides pump energy to generate 
gain in the extended portion of the gain bandwidth, and 
a source that provides pump energy to generate gain in 
the existing portion of the gain bandwidth to compensate 
for the disruption in the flatness of the gain profile that 
would otherwise occur. That is, one source would have 
a higher center wavelength than the sources of the ex- 
isting range of pump sources, therefore providing Ram- 
an gain in a higher wavelength range. Meanwhile, an- 
other source of the additional upgrade module would 
have a center wavelength within the wavelength range 
of the existing sources. Obviously, further extensions of 
the gain bandwidth could be accomplished in a similar 
manner. " ^ 
[0030] While the invention has been shown and de- 
scribed with regard to a preferred embodiment thereof, 
those skilled in the art will recognize that various chang- 
es in form and detail may be made herein without de- 
parting from the spirit and scope of the invention as de- 
fined by the appended claims. 

Claims 

1. An optical pumping apparatus for providing optical 
pump energy to an optical gain medium that pro- 
vides optical gain by stimulated Raman scattering 
to each of a first wavelength range and a second 
wavelength range, the second wavelength range 
having longer wavelengths than the first wave- 
length range and not overlapping with the first 
wavelength range, the apparatus comprising: a first 
pump unit that provides optical pump energy to the 
gain medium that produces signal gain in the first 
wavelength range; and 

a second pump unit that has a first pump source 
that provides optical pump energy to the gain me- 
dium that produces signal gain in the second wave- 
length range, and a second pump source that pro- 
vides optical pump energy to the gain medium that 
produces signal gain in the first wavelength range, 
the apparatus being operable with just the first 
pump unit activated, or with both the first and sec- 
ond pump units activated. 

2. An apparatus according to claim 1 wherein the sec- 
ond pump unit is part of a pumping module that, 
when attached and activated, extends the signal 
gain bandwidth of the apparatus to include the sec- 
ond wavelength range. 

3. An apparatus according to claim 1 wherein the sec- 
ond pump source of the second pump unit does not 
provide direct signal gain in the second wavelength 
range any greater than one half of the maximum 
gain in the first wavelength range. 



10 

4. An apparatus according to claim 1 wherein, when 
the second pump unit is not activated, the signal 
gain does not deviate more than 1 dB from a pre- 
selected spectral shape of the gain spectrum of the 

5 first wavelength range. 

5. An apparatus according to claim 1 wherein, when 
the second pump unit is activated, the signal gain 
does not deviate more than 1 dB from a pre-select- 

10 ed spectral shape of the gain spectrum across the 
first wavelength range and the second wavelength 
range. 

6. An apparatus according to claim 1 wherein pumping 
is by the first pump source of the second pump unit 

depletes gain in the first wavelength range, and 
wherein pumping by the second pump source of the 
second pump unit compensates for said depleted 
gain. 

20 

7. An apparatus according to claim 1 further compris- 
ing a pump signal combiner that combines the pump 
energy from the first pump unit and the second 
pump unit and directs it to the optical gain medium. 

25 

8. An apparatus according to claim 7 wherein the 
pump signal combiner comprises a wavelength di- 
vision multiplexer. 

30 9. An apparatus according to claim 1 wherein the first 
wavelength range is from approximately 1530 nm 
to approximately 1565 nm. 

10. An apparatus according to claim 9 wherein the sec- 
35 ond wavelength range is from approximately 1565 

nm to approximately 1610 nm. 

11. An apparatus according to claim 1 wherein the first 
pump unit comprises a plurality of individual pump 

40 sources. 

12. A method of providing optical pump energy to an 
optical gain medium that provides optical gain by 
stimulated Raman scattering to each of a first wave- 

45 length range and a second wavelength range, the 
second wavelength range having longer wave- 
lengths than the first wavelength range and not 
overlapping with the first wavelength range, the 
method comprising: providing optical pump energy 

50 to the gain medium with a first pump unit so as to 
produce signal gain in the first wavelength range; 
and 

providing optical pump energy to the gain medium 
with a second pump unit comprising a first pump 
55 source, the optical output from which produces sig- 
nal gain in the second wavelength range, and a sec- 
ond pump source, the optical output from which pro- 
duces signal gain in the first wavelength range, the 



6 



11 



EP 1 257 023 A2 



apparatus being operable with just the first pump 
unit activated, or with both the first and the second 
pump units activated. 
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